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Membrane redox state is governed by the complex interplay between oxidation of unsaturated fatty acids
and lipophilic antioxidants. In this issue of Cell Metabolism, Seiler et al. (2008) show that a lipid oxidase,
12/15-lipoxygenase, and a membrane antioxidant enzyme, glutathione peroxidase-4, interact to regulate
a novel redox-dependent cell death pathway.Cellular metabolism in an aerobic environ-
ment leads to the generation of reactive
oxygen species (ROS), or partially re-
duced forms of molecular oxygen. Nor-
mal levels of ROS flux are essential for
many redox-dependent cell-signaling
processes, while excess ROS flux defines
oxidative stress. Oxidative stress leads to
the chemical modification of many classes
of biomolecules and is a major accompa-
niment to, if not cause of, cell injury and
death. A variety of protective mechanisms
have evolved to modulate ROS flux and
protect cells from their adverse conse-
quences, included among which are
the selenoprotein family of glutathione
peroxidases (GPx’s). These antioxidant
enzymes catalyze the reduction of hydro-
gen and lipid peroxides to their corre-
sponding alcohols. Among the GPx’s,
only GPx4 (phospholipid-hydroperoxide
glutathione peroxidase) can directly
reduce esterified lipid hydroperoxides in
membranes, which form as a conse-
quence of their vulnerability to attack by
ROS owing to their high allylic hydrogen
content; as such, GPx4 is a critical deter-
minant of cell membrane redox state. In
this issue, Seiler et al. show that GPx4 is
also an essential regulator of a unique
cell death pathway involving a specific
lipid hydroperoxide.
GPx4 was first discovered by Ursini et al.
(1982), and was later shown to be a 19.5
kDa monomer distributed in the cytosol,
mitochondria, and nucleus; it is also
strongly associated with membranes to
which it translocates with cell activation.
GPx4 expression increases with lipid-
based oxidative stress, undergoing tran-
scriptional upregulation in response to the
formation of epoxy-hydroxyeicosanoids,
or hepoxilins (specifically, hepoxilin A3),182 Cell Metabolism 8, September 3, 2008 ªfrom arachidonic acid via the isomerization
of 12S-hydroperoxy-eicosatetraenoic acid
(12S-HpETE) (Zafiriou et al., 2007). Excess
oxidative stress, however, leads to the lin-
ear polymerization of GPx4 via the forma-
tion of seleno-sulfide bonds between the
active site Sec46 and the exteriorized
Cys10 or Cys66 on the adjacent monomer,
yielding dead-end intermediates and oxi-
dative inactivation of the enzyme (Scheerer
et al., 2007).
Oxidative stress promotes cell death via
several mechanisms, including activation
of mitochondrial death pathways. Prior
work showed that GPx4 attenuates mito-
chondria-mediated apoptosis and that
this effect is not a consequence of
changes in the Bcl-2 family of proteins;
rather, it is accompanied by decreased
levels of lipid hydroperoxides in mitochon-
dria with a consequent decrease in mito-
chondrial membrane permeability and cy-
tochrome c release (Nomura et al., 1999).
No mechanism has yet been proposed to
account for the induction of cell death by
mitochondrial lipid hydroperoxides. In
this issue, Seiler et al. provide an intriguing
explanation for this association that in-
volves a redox-regulated cell death path-
way. They demonstrate that 12/15-lipoxy-
genase-induced lipid peroxidation triggers
apoptosis-inducing factor (AIF)-mediated
cell death. Prior work showed that AIF-
dependent apoptosis is accompanied by
translocation of AIF from the mitochondria
to the nucleus and is characterized by
a failure of Bcl-2 overexpression or cas-
pase inhibition to prevent cell death (Susin
et al., 1999). These features of the apopto-
tic process were confirmed by Seiler et al.,
who also showed that glutathione deple-
tion leads to 12/15-lipoxygenase-depen-
dent lipid peroxidation and AIF-dependent2008 Elsevier Inc.apoptosis, and that alpha-tocopherol
prevents this apoptotic response.
These observations are unique in that
they link membrane lipid peroxidation,
arachidonic acid metabolism, glutathione
peroxidase activity, and oxidative stress-
mediated cell death through a novel
mitochondrial death pathway. The rela-
tionships among these pathways are com-
plex, and to understand them, we need
first to focus on redox events within the
membrane environment. Normal ROS
flux in cell membranes is largely a conse-
quence of the action of specific oxidases
and of mitochondrial respiration. These
processes partially reduce molecular oxy-
gen to superoxide anion, which is then
reduced to hydrogen peroxide either
spontaneously or by superoxide dismu-
tases. Hydrogen peroxide readily perme-
ates cell membranes, and with exposure
to transition metals (e.g., heme-bound
iron or nonheme iron in iron-sulfur com-
plexes), is converted to hydroxide anion
and hydroxyl radical; the latter species
can, in turn, initiate a chain reaction within
the membrane promoting the formation of
lipid peroxides (LOOH) via the intermedi-
ate formation of lipid alkoxyl (peroxyl) rad-
icals. This pool of peroxides also activates
the membrane-associated generation of
lipid peroxides by the lipoxygenases.
The lipoxygenases catalyze the oxygen-
ation of polyunsaturated fatty acyl groups
to hydroperoxides. 12/15-lipoxygenase is
unique among the lipoxygenases in that it
can oxidize complex lipid esters even
when incorporated in membranes or lipo-
proteins (Kuhn and Borchert, 2002). 12/
15-lipoxygenase activation requires low
levels of peroxides, which oxidize the as-
sociated nonheme iron from the ferrous
to ferric form. The peroxide tone of the
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Previewscell membrane, then, defines
the extent of activation of the
lipoxygenasesand isgoverned
by the sources of peroxides
and the membrane-associ-
ated enzymatic and nonenzy-
matic peroxide scavengers,
GPx4 and alpha-tocopherol,
respectively.
The actions of both GPx4
and alpha-tocopherol depend
on the glutathione redox state
of the cell. Glutathione is an
obligate cosubtrate for GPx4.
Moreover, glutathione is es-
sential for recycling ascorbyl
radical and dehydroascorbate
to ascorbate, making the latter
available to reduce the alpha-
tocopheryl radical to alpha-
tocopherol, rendering this li-
pophilic antioxidant available
to scavenge membrane lipid
peroxyl radicals. In addition
to these membrane-specific
redox functions, glutathione
maintains the overall thiol re-
dox state of the cell by provid-
ing protons to buffer ROS via
glutathiolation of protein sulf-
hydryl groups, and limits 12/
15-lipoxygenase activation by
reducing overall cellular per-
oxide tone through non-
specific ROS scavenging.
Which of these mechanisms
is most critical for regulating
cell membrane redox state is not known;
however, the importance of glutathione in
regulating the interplay between 12/15-lip-
oxygenase and GPx4 is indicated by the
observation that its depletion alone reca-
pitulates 12/15-lipoxygenase-dependent,
AIF-mediated cell death.
GPx4 is a unique regulator of 12/15-
lipoxygenase, governing the balance
between the reduction of 12S-HpETE to
12S-hydroxy-eicosatetraenoic acid (12S-
HETE) and its isomerization to hepoxilins.
12/15-lipoxygenase is also a unique regu-
lator of GPx4, promoting membrane oxi-
dative stress and consuming glutathione,
thereby limiting its availability as a cofactor
for GPx4. Moreover, there is a comple-
mentarity to the expression and localiza-
tion of these two enzymes that preserves
the membrane specificity of their oxida-
tion products (Kuhn and Borchert, 2002),
modulating cell signaling and phenotype.
A key contribution of the work of Seiler
et al. is the link among these redox path-
ways to a unique mechanism for cell
death. Several groups have published ev-
idence for the essential role of GPx4 in
preserving mitochondrial membrane po-
tential and ATP generation (Liang et al.,
2007) and protecting cells from ROS-me-
diated apoptosis (Nomura et al., 1999;
Sordillo et al., 2005). Until this study, how-
ever, no clear molecular mechanism for
these observations was apparent. Seiler
et al. have identified a unique cell death
mechanism mediated by ROS-dependent
processes in the (mitochondrial) mem-
brane, highlighted by its specificity for
ROS products derived from 12/15-lipoxy-
genase and by its sensitivity to GPx4
activity. The precise identity of the 12/
15-lipoxygenase-derived (lipid) mediator
of AIF activation is, as yet, unknown, but
possible candidates include 12S-HpETE
and hepoxilin A3. Both of
these lipids have been shown
to induce apoptosis in cul-
tured cells, although both
have been reported to do so
in association with caspase
activation in select cell lines
(Gu et al., 2001; Qiao et al.,
2003), making them unlikely
to be working through an AIF
pathway. Taken together,
these observations are impor-
tant in that they add key infor-
mation to the complex net-
work of membrane redox
regulation (Figure 1) that gov-
erns cell signaling and cell
death, and offer novel targets
for potential therapeutic inter-
vention in (chronic) diseases
characterized by ROS-medi-
ated cell death.
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Figure 1. Membrane Redox Network and Cell Death
Molecular oxygen is reduced to superoxide anion by the action of oxidases
and mitochondrial metabolism, and superoxide is, in turn, reduced to hydro-
gen peroxide. The latter contributes to the peroxide tone of the cell and its
membrane compartment, within which inactive 12/15-lipoxygenase (12/15-
LOX) is activated by the peroxide-dependent reduction of ferric nonheme
iron to the ferrous form. 12/15-LOX oxidizes arachidonic acid in membrane
phospholipids to 12S-hydroperoxy-eicosatetraenoic acid (12S-HpETE),
which can either undergo isomerization to the hepoxilins or be reduced by
the phospholipid hydroperoxide glutathione peroxidase (GPx4) to 12S-hy-
droxy-eicosatetraenoic acid (12S-HETE). Glutathione (GSH) has multiple roles
in this redox network: it is a reducing cosubstrate for GPx4; it directly de-
creases cellular peroxide tone; and it indirectly decreases membrane peroxide
tone by maintaining the ascorbate pool, which is, in turn, essential for main-
taining the membrane antioxidant alpha-tocopherol pool. 12/15-LOX activity
is essential for inducing cell death via activation of the apoptosis-inducing
factor (AIF) pathway, an effect that can be abrogated by GPx4 and by al-
pha-tocopherol, and enhanced by GSH depletion. Which 12/15-LOX-derived
mediator activates AIF is unknown (indicated by the question mark). Dashed
lines indicate inhibition.Cell Metabolism 8, September 3, 2008 ª2008 Elsevier Inc. 183
